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Abstract We present an analysis of Chandra ACIS ob- 
servations of the field of TeV J2032+4130, the first uniden- 
tified TeV source, detected serendipitously by HEGRA. 
This deep (48.7 ksec) observation of the field follows up 
on an earlier 5 ksec Chandra director's discretionary ob- 
servation. Of the numerous point-like X-ray sources in 
the field, the brightest are shown to be a mixture of 
early and late- type stars. We find that several of the X- 
ray sources are transients, exhibiting rapid increases in 
count rates by factors 3-10, and similar in nature to the 
one, hard absorbed transient source located in the ear- 
lier Chandra observation of the field. None of these tran- 
sient sources are likely to correspond to the TeV source. 
Instead, we identify a region of diffuse X-ray emission 
within the error circle of the TeV source and consider its 
plausible association. 

Keywords gamma-rays: individual (3EG J2033-I-4118, 
TeV J2032+4130) • gamma-rays: observations • X-rays: 
stars 



1 Introduction 

TeV J2032+4130 was the first unidentified gamma-ray 
source detected at TeV energies. The source was discov- 
ered serendipitously in the direction of the Cygnus 0B2 
stellar association region by the HEGRA CT-System 
at La Palma in observations originally devoted to 
Cygnus X-3. The HEGRA observations, carried out be- 
tween 1999 and 2002, found TeV J2032-f4130 to be a 
steady gamma-ray source, with the integrated flux mea- 
sured above 1 TeV at « 5% of that of the Crab Nebula. 
The best fit HEGRA position for the source is 20'^31™57"± 
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6.''2,tat ± l^Osys, +41°29'56.8" ± l.'l.tat ± l-'Osys (J2000) 
S;. The source was reported to be extended, with a 
Gaussian Icr radius of ^ 6.'2 (±l.'2stat ± 0.'9sys). TeV 
J2032-)-4130 was also detected in the Whipple archival 
data taken in 1989 and 1990 with some indication 
that the source may be variable on the time scale of sev- 
eral years. It is interesting to note that the error circle of 
TeV J2032-H4130 overlaps the edge of the 95% confidence 
error elhpse of an EGRET source, 3EG J2033-I-4118. 
However, it is not clear if they are associated. 

The field of TeV J2032-I-4130 was initially observed 
by Chandra during a short 5 ksec exposure 5 . In an at- 
tempt to understand the possible origins of the source, 
we performed a multiwavelength study of the region, car- 
rying out optical identifications and spectroscopic classi- 
fications of the bright X-ray sources in the Chandra ACIS 
image and (archival) ROSAT PSPC data 0. The X-ray 
sources detected were found to be a mix of early- and 
late- type stars, and there was no compelling counter- 
part to the gamma-ray source. However, in our study of 
the Chandra ACIS field, we did find an unusual new, hard 
absorbed source that was both transient and rapidly vari- 
able. We reported on the detection of this source {Chan- 
dra Source 2 in 6 ) as the brightest source in the Chandra 
field, located at 20'^31'"43.755", -l-41°35'55.17" (J2000), 
at a distance of 7' from the centroid of the TeV emission. 
We detected a coincident reddened optical counterpart 
with the MDM Observatory 2.4m telescope, but with- 
out any emission or absorption features in its spectrum. 
Although the transient source was the brightest of the 
Chandra sources, it was noticeably absent from earlier 
ROSAT or Einstein images. At the time of our initial 
study of this field, we considered the possibility of this 
transient X-ray source being a candidate for a "proton" 
blazar , a radio- weak gamma-ray source that could be 
associated with TeV J2032+4130 W- However, without 
knowing the exact nature of this source, we were unable 
to consider it a compelling counterpart. 

Since the original study, a deep 50 ksec Chandra ob- 
servation of the TeV J2032-I-4130 field has been acquired. 
An analysis of this data recently summarized in 8 found 
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~ 240 point-like X-ray sources in the Chandra field, but 
no obvious diffuse X-ray counterpart to TeV J2032-|-4f 30. 
We have reanalyzed this new Chandra exposure and find 
that at least seven of the brightest X-ray point sources 
are either flare stars or transients. The brightest Chan- 
dra source, "Source 2" from our earlier study is no longer 
detected. We are now convinced that Chandra Source 2 
reported in 1^ is a flare star, not associated with TeV 
J2032-I-4130. In this paper we (a) summarize the prop- 
erties of the several transient sources discovered in the 
Chandra field of TeV J2032-H4130, (b) identify a diffuse 
candidate X-ray counterpart, and (c) review our conclu- 
sions about the possible nature of the gamma-ray source. 



2 X-ray Observations 

On 2004 July 12, Chandra acquired a 48.7 ks obser- 
vation of the field of TeV J2032-h4130 with the front- 
illuminated, imaging CCD array of the Advanced CCD 
Imaging Spectrometer ( ACIS-I) . ACIS is sensitive to pho- 
tons in the energy range 0.2-10 keV with a spectral res- 
olution of AE/E ~ 0.1 at 1 keV. Data reduction and 
analysis were performed using the standard analysis soft- 
ware packages, CIAO, FTOOLS, and XSPEC. Figure 1 
shows the Chandra image of the region, with the position 
of TeV J2032-I-4130 marked. There are numerous point- 
like X-ray sources near the centroid of the TeV source: 
Butt et al. (2006) find 240 point-like X-ray sources in a 
recent study of the field (8). We have marked the posi- 
tions of the brightest point sources, those having at least 
100 photons and a signal-to-noise ratio Scr or greater, in 
Fig. 1. The positions, count rates and hardness ratios of 
these sources are given in Table 1. A comparison of this 
field with the earlier 5 ksec Chandra exposure ^ shows 
that several of the point sources from the earlier Chandra 
observation are detected in this deeper exposure. How- 
ever, it is notable that the brightest X-ray source from 
the earlier observation is absent from the image shown 
in Fig. 1. The position of this transient source discovered 
by [5] is marked in the figure with a triangle. 

We find that several of the sources in the Chan- 
dra field have ordinary stellar counterparts. Many of the 
stars in the Cyg 0B2 association are among the strongest 
stellar X-ray sources in the Galaxy. Likely optical identi- 
fications of the Chandra sources are given in Table 1. The 
magnitudes listed in the table are from the USNO-A2.0 
and USNO-Bl.O, where available, or from the MT91 
compilation of stars in Cyg 0B2, or from the optical 
images obtained by us during our earlier study of this 
field [Sj. Two of the sources have no optical counterparts. 
Both were detected in the earlier Chandra observation, 
and have no optical counterpart to a limiting magni- 
tude greater than 23 0. As in our earlier analysis, we 
find these to be the hardest sources in the image. They 
are likely to be active galaxies, highly absorbed by the 





O 






o 
















d 


















□ 











I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I 








_l I I I I L_ 



R. A. (JZOOO) 



Fig. 1 Chandra ACIS-I image of the field of TeV 
J2032+4130. The positions of the marked sources are given 
in Table 1. The small square marks the centroid of TeV 
J20324-4130, and the circle is the estimated Gaussian la ex- 
tent of the TeV emission The triangle marks the brightest 
Chandra source in an earlier 5 ksec observation of the region 
noticeably absent from this image. 



Galactic ISM, and are unlikely to be nearby, old neutron 
stars. 



3 Transient X-ray Sources in the Field of TeV 
J2032-I-4130 

Seven of the sources in Table 1 were not detected in the 
earlier ROSAT [TO] or Chandra |H] observations of this 
field. Thus, they may be described as transient sources. 
Figure 2 shows the lightcurve of the brightest of these 
sources (# 4), constructed from the 48.7 ks Chandra ob- 
servation. The aperture of the source and background 
regions are indicated in the figure. The background is 
seen to be sufficiently stable and has little effect on the 
source light curves. The figure shows that the count rate 
rose by more than a factor of 10 in the final 15 ks of 
the observation, after remaining faint for the first 35 ks. 
We see a similar behavior in the case of the other tran- 
sient sources. We believe that these are flare stars, which 
commonly exhibit X-ray flaring activity (e.g. |llj). 



Transient X-ray sources in the field of TeV J2032+4130 
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Table 1 Chandra Sources in the Field of TeV J2032+4130: Likely Counterparts 
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(a) Units of right ascension are hours, minutes, and seconds. Units of declination are degrees, arcminutes, and arcseconds. 
(&) Total counts in a 12" radius aperture. The total included background is estimated as 1-3 counts, (c) Hardness ratio (HR) 
is defined as: g[o 5l2kcV)+s(2-iokcvj ' where S is the source counts in a given energy band. 



In comparison, the only transient source in our ear- 
lier Chandra field was also highly variable during the 
brief 5 ks observation. It remained faint for the first 3.5 
ks, but increased its count rate by ten-fold in the final 
1.5 ks. This source is not detected in the deep Chandra 
observation of the field. 

Flare stars are generally dim, red (class-M) dwarfs 
that are seen to exhibit unusually violent activity in op- 
tical and/or X-ray bands, and sometimes in the radio 



LIGHT CURVE FOR r < 023' ( V OFF-CENTER) 763 COUNTS, 015 CTS/S 




TIME !N SECONDS FROM UT 07/19/04 02:04:33.103 



Fig. 2 Lightcurves (top) and local background (bottom) of 
Chandra source 4 (Table 1). The aperture sizes for the source 
extraction and background regions are indicated in the figure. 
A time binning of 200 s was used. The dots below the light 
curve are the arrival times of the individual photons. The 
background is demonstrated to be stable and has negligible 
effect on the source light curve. 



and ultraviolet bands. Flare stars are not known to be 
gamma-ray emitters. It is unlikely that any of the tran- 
sient X-ray sources are point source counterparts to TeV 
J2032+4130. 

One of the suggestions for the origin of an extended 
region of TeV emission, as in the case of TeV J2032+4130, 
is inverse Compton scattering from a jet-driven termina- 
tion shock from Cyg X-3 or an as yet undetected micro- 
quasar . In |S] we were motivated to further study the 
one transient source in the field in order to investigate if 
it could be such a jet source. Based on the new Chandra 
observation and the detection of several similar transient 
sources, it is clear that the one transient source in 6 is 
not a microquasar, or responsible for the TeV emission 
in any way. 



4 Diffuse X-ray Emission in the Field of TeV 
J2032+4130 

We carried out an analysis to search for diffuse, extended 
X-ray emission in the TeV source region. Figure 3 shows 
an image of the diffuse emission only, made by locat- 
ing and cutting out the point sources, and smoothing 
the resulting image with a Gaussian kernel of sigma 14". 
This image is exposure and vignetting corrected in the 
broad energy band of 0.3 to 8 keV. The extended emis- 
sion centered on 20''32'"13.4^ +41°27'10.4" (J2000) is 
detected at a significance of 6.1cr, and has an extent of 
roughly ^ 1.6' diameter, with a few features extending 
further. It is possibly associated with Cyg 0B2 #4. For 
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Fig. 3 Chandra ACIS-I image of the field of TeV J2032+4130 
showing diffuse emission only in the 0.3-8 keV band. The 
image has been exposure and vignetting corrected. The circle 
is the estimated Gaussian Icr extent of the TeV emission Qj. 

the circular aperture of 1.6' diameter, the diffuse X-ray 
flux is 8 X 10~^^ erg cm^^ s^^ in the 0.5-10 keV band, 
assuming a power-law spectral model with photon index 
of 1.5, typical of non-thermal spectra and total Galac- 
tic Nh — 1.5 X 10^^ cm~^. By comparing the exposure 
and vignetting corrected images of the region in the soft 
and hard energy bands of 0.3-2.0 keV and 2.0-8.0 keV, 
respectively, we find no significant softening of the spec- 
trum in the high energy band. The corresponding hard- 
ness ratio is —0.48. 



5 Discussion and Conclusions 

Based on the deep Chandra observations of the TeV field, 
we summarize our principal findings as follows. 

We find several new transient sources in the Chandra 
field of TeV J2032-h4130. These are similar in nature to 
the one transient source found in the earlier 5 ks Chan- 
dra observation of the field. We are convinced that these 
transient sources are flare stars, unlikely to be associated 
with the TeV source. 

Mukherjee et al. (2003) 1(51 considered the candidacy 
of the one transient source detected in the field of TeV 
J2032-I-4130 for either a "proton blazar" or a jet source 
responsible for TeV emission via inverse Compton scat- 
tering. Based on the new data, we are convinced that 
this is not the case. 

We find no convincing point source counterpart to 
TeV J2032-h4130 in the X-ray band. 

We find significant hard diffuse X-ray emission within 
the error circle of TeV J2032+4130. If the source of the 
diffuse emission is embedded in the Cygnus 0B2 associ- 



ation at d = 1740 pc _9 , the corresponding luminosity is 
- 3 X 10^1 erg 8"^ 

TeV J2032-I-4130 appears to be an extended source, 
unlikely to have a point source counterpart at other wave- 
lengths. It seems to be related to the massive Cyg 0B2 
association and the massive stars in the region. Aharo- 
nian et al. (2002) discuss two possible origins of the 
extended TeV emission from the source. The emission 
could be hadronic in origin, arising from the accelera- 
tion of hadrons in shocked OB star winds and interaction 
with local, dense gas cloud, and subsequent 7r° decay. Or, 
the TeV emission could be inverse Compton scattering 
in a jet-driven termination shock from Cyg X-3 or an as 
yet undetected microquasar. 

In a recent study. Butt et al. (2006) |S| find that a 
surface density plot of the point-like X-ray sources in the 
Chandra field shows an excess consistent with the size 
and position of TeV J2032-I-4130. One proposal made 
by these authors is that the TeV source is a composite 
of several point sources, and it is possible that several of 
point X-ray sources are responsible for the TeV emission. 

The fact that we detect hard X-ray emission within 
the error circle of TeV J2032-I-4130 is quite interesting. 
Together with the TeV observations, it points to the fact 
that high energy particles are being accelerated in the 
stellar winds associated with the massive stars in the re- 
gion. It is not obvious, however, that the diffuse emission 
is related to the TeV source. We need deeper observa- 
tions of the region in order to derive an X-ray spectrum 
of the diffuse emission. It would also be important to see 
if future observations (with better angular resolution) 
of TeV J2032+4130 with VERITAS or MAGIC indicate 
any spatial correlation between the gamma-ray and X- 
ray emissions. Further observations at TeV energies with 
ground-based atmospheric Cherenkov telescopes as well 
as space-based experiments like GLAST are needed to 
help us resolve the nature of this source. 
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